A novel approach to making a material with negative index of refraction in the infrared frequency band is described. Materials with negative dielectric permittivity are utilized in this approach. Those could be either plasmonic (metals) or polaritonic (semiconductors) in nature. A sub-wavelength plasmonic crystal (SPC), with the period much smaller than the wavelength of light, consisting of nearly-touching metallic cylinders is shown to support waves with negative group velocity. The usage of such waves for sub-wavelength resolution imaging is demonstrated in a numerical double-slit experiment. Another application of the negative-epsilon materials is laser-driven near field nanolithography. Any plasmonic or polaritonic material with negative = − d sandwiched between dielectric layers with d > 0 can be used to significantly decrease the feature size. It is shown that a thin slab of SiC is capable of focusing the mid-IR radiation of a CO 2 laser to several hundred nanometers, thus paving the way for a new nano-lithographic technique: Phonon Enhanced Near Field Lithography in Infrared (PENFIL). Although an essentially near-field effect, this resolution enhancement can be quantified using far-field measurements. Numerical simulations supporting such experiments are presented.
INTRODUCTION
The wave nature of light places a stringent limit, known as the Abbe resolution limit, 1 on the resolution of a microscope: the minimal feature size that can be detected by any conventional (far-field) optical system, with acceptance angle α, immersed in a host medium with dielectric permittivity h , is ∆ = 1.22λ/(2 √ h sin α), where λ is the wavelength of light. While resolution can be enhanced beyond the canonical λ/2 limit by using high-h materials (as it is done in liquid or solid immersion microscopy 2 ), the truly impressive gains in resolution may require unconventional materials and approaches. One example of such meta-materials are the so-called double-negative (or "left-handed") materials. 3, 4 The possibility of accessing the sub-wavelength resolution using the so-called "super-lens" 3, 5 is the most challenging and technologically rewarding application of the left-handed materials (LHMs). Two approaches to making a "perfect" lens have been immediately identified: (i) constructing a composite material with both negative dielectric permittivity ef f < 0 and magnetic permeability µ ef f < 0, and (ii) using occurring in nature non-magnetic materials with < 0 to significantly enhance near-field imaging.
There has been significant theoretical and experimental progress in developing LHMs in the microwave frequency range, where periodic structures consisting of metallic wires and split-ring resonators spaced by the period d
λ have been designed and tested. Making such intricate sub-wavelength periodic structures in the optical and IR frequency ranges remains challenging. Conventional photonic crystals have been shown to produce images that still make a significant fraction of λ/2. To make a step in the direction of strongly sub-wavelength resolution, we demonstrate that a sub-wavelength plasmonic crystal (SPC) supports doubly-negative modes (DNM's), and can be potentially used for making a super-lens. Electromagnetic properties of SPMs are considered in Section 2.
Planar slabs of materials with < 0 can also be used for enhancing the near-field image.
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Materials with (ω) < 0 in a limited frequency range are common in nature. For example, free electrons in metals account for their negative dielectric permittivity:
Here ω p is the plasma electron frequency, d > 0 is the frequency-independent dielectric contribution of bound electrons, and γ is the damping rate. For example, for silver b = 5,hω p = 9.1eV, andhγ = 0.02eV. Another class of the so called polaritonic materials (SiC, ZnSe, GaP, etc.) exists for which < 0 occurs for frequencies in the far to mid-IR band. The frequency-dependent dielectric permittivity of these crystals is given by the approximate formula
where ω T O and ω LO are the frequencies of the transverse and longitudinal optical phonons, respectively. The finite phonon lifetime is accounted for by the damping constant Γ in Eq. (1). For example, for SiC ω LO = 972cm
.5 and Γ = 5cm −1 . The so called restrahlen band ω T O < ω < ω LO for which < 0 is typically in mid to far infrared for polaritonic materials (PM's). The low damping rate of optical phonons makes PMs attractive for developing enhanced near-field lenses in the mid to far-infrared range.
Enhancing the near field image, thereby improving its spatial resolution, is important for developing new nano-lithographic tools. In Section 3 we describe a new nanolithographic tool, Phonon Enhanced Near Field Infrared Lithography (PENFIL) that utilizes a thin (about 400 nm) film of SiC sandwiched between two thin layers (about 200 nm each) of SiO 2 . By tuning the high-power radiation of a CO 2 laser to the wavelength (≈ 11.1µm) for which SiC = − SiO2 , a 100nm wide slit on the front side of the SiO 2 /SiC/SiO 2 sandwich can be accurately imaged onto its backside side by a laser beam normally incident on the front side. A thin layer of thermoresist deposited on the backside the sandwich can thus be patterned on a 1200-nm scale using a high power CO 2 laser beam. This super-resolution corresponding to λ/100 is accomplished by a purely near-field effect: strong coupling to the broad wavenumber range of surface phonon polaritons at the SiO 2 /SiC interface. In Section 3 we also demonstrate how, by adding an additional set of narrow slits on the backside of the SiO 2 /SiC/SiO 2 sandwich, the transmission coefficient through the structure can be correlated to the existence of the above mentioned near-field effect.
ELECTROMAGNETIC PROPERTIES OF SUB-WAVELENGTH PLASMONIC AND POLARITONIC STRUCTURES
In this Section we demonstrate how electromagnetic properties of periodic two-dimensional sub-wavelength plasmonic structures consisting of closely-packed inclusions of materials with negative dielectric permittivity in a dielectric host with positive h can be engineered using the concept of multiple electrostatic resonances. Fully electromagnetic solutions of Maxwell's equations reveal multiple wave propagation bands, with the wavelengths much longer than the nanostructure period. It is shown that some of these bands are described using the quasi-static theory of the effective dielectric permittivity qs , and are independent of the nanostructure period. An additional propagation band characterized by a negative magnetic permeability develops when a magnetic moment is induced in a given nano-particle by its neighbors. Imaging with sub-wavelength resolution in that band is demonstrated.
Electrostatic resonances of isolated nanoparticles occur when a metallic or dielectric particle with a negative frequency-dependent dielectric permeability (ω) < 0 is imbedded in a dielectric host (including vacuum) with a positive dielectric permeability h > 0. The wavelengths λ of the incident electromagnetic radiation that resonate with a small particle of a characteristic size d λ depend on the particle shape and the functional dependence of (ω). By changing the shape and internal composition 8 of nanoparticles resonances can be shifted to the wavelength optimized for a particular application. Close proximity of other small particles can also strongly affect the resonances. We explore this proximity effect in order to engineer electromagnetic properties of periodic arrays of metallic particles. Because the particle size R and separation d are significantly smaller than the radiation wavelength in vacuum λ ≡ 2πc/ω, we call these crystals Sub-wavelength Plasmonic Crystals (SPC). The new HMM propagation bands are discovered inside the frequency intervals where qs < 0 and, by the mean-field description, propagation is prohibited. HMM bands should not be confused with the usual high order Brillouin zones of a photonic crystal because the latter do not satisfy the d λ condition. One HMM band defines the frequency range for which the sub-wavelength photonic crystal behaves as a double-negative metamaterial (DNM) that can be described by the negative effective permittivity ef f < 0 and permeability µ ef f < 0. Magnetic properties of the DNM are shown to result from the induced magnetic moment inside each nanoparticle by high-order multipole elecctrostatic resonances of its neighbors. It is shown that a thin slab of such DNM can be employed as sub-wavelength lens capable of resolving images of two slits separated by a distance λ. We will concentrate on two-dimensional SPC's only.
Quasistatic Description of Sub-Wavelength Plasmonic Crystals
As a starting point, consider a TM-polarized electromagnetic wave, with non-vanishing H z , E x , and E y components, incident on an isolated dielectric rod (infinitely long in the z−direction) with (ω) < 0. The incident em wave is strongly scattered by the rod when its frequency ω coincides with that of the surface plasmon found by solving the nonlinear eigenvalue equation for H z : where H z → 0 far from the rod. The electric field of the surface wave is given by
where ( x) = h outside and ( x) = (ω) inside the rod. In what follows we assume that the rods are in vacuum, i. e. h = 1. Note that the lines H z = const are the electric field lines. For a sub-wavelength rod the rhs of Eq. (2) can be neglected. Moreover, | E| |H|, and the description using the electrostatic potential φ is appropriate: E = − ∇φ. Hence, two equations are simultaneously satisfied for a sub-wavelength rod:
For a round cylinder of radius R the surface-wave multipole solutions of the second of Eqs. Note that there is no monopole (m = 0) electrostatic resonance (although there is an electromagnetic Mie resonance for rods with a very high positive 11 ) for an isolated cylinder. Such a resonance would reveal that the corresponding solution for H z has an associated azimuthal θ-independent current around the cylinder and, thus, a non-vanishing magnetic moment M = (1/2c) r × J , where the average is taken over the unit cell. However, as shown below, the octupole (m = 4) electrostatic resonances in a square lattice of closely-packed cylinders hybridize in a way of inducing a resonantly excited magnetic moment. This magnetic moment manifests itself as a negative effective permeability µ ef f of the structure, and an additional propagation band of DNW's in a narrow frequency range.
In the rest of the paper we concentrate on a specific SPC: a square lattice of round (R = 0.45d) plasmonic cylinders with (ω) = 1 − ω 2 p /ω 2 characteristic of collisions-free electron gas, lattice period d = c/ω p . Very similar results are expected for polaritonic rods with (ω) = R1.2.4
To this SPC we apply the standard procedure 9, 10 for calculating the quasi-static dielectric permittivity qs (ω), and later compare the band structure described by qs (ω) to that obtained by solving the fully-electromagnetic Eq. 2.
The material-independent qs is calculated 9, 10 as
where, for the plasmonic rods in vacuum, 
where φ i satisfies the following homogeneous conditions at the unit boundaries (x, y) = (±d/2, ±d/2): (a) φ i and its derivatives are periodic; (b) The frequency dependence of the qs for a plasmonic material is plotted in Fig. 2(a) . The vertical lines in Fig. 2(left) dispersion relation (not shown). Numerical solutions of the fully electromagnetic Eq. (2) described below confirm these conclusions, yet reveal additional modes whose behavior is not described by the quasi-static qs .
To verify that qs is sufficient for accurate description of em wave propagation through the plasmonic SPC, the fully electromagnetic Eq. (2) was numerically solved as a nonlinear eigenvalue equation for ω 2 /ω 2 p for different wavenumbers k = e x k, and the resulting dispersion relation ω(k) plotted in Fig. 2(b) for three propagation bands. Although d = 1/ω p is not infinitesimally small compared to the radiation wavelength, it is apparent from Fig. 2 that the numerically calculated points (circles) accurately fall on the solid lines predicted for the CPH's by the scale-independent qs . The essentially flat propagation band ω(k) ≈ 0.61ω p not shown in Fig. 2(b) also agrees with the CPL dispersion relation obtained from qs . Therefore, for several frequency bands, the plasmonic SPC indeed is an effective medium described by the scale-independent qs .
Doubly-negative modes and sub-wavelength imaging
It can be deduced from Fig. 2(b) that there is another propagation band (diamonds) in the frequency range for which no propagation is expected due to qs < 0. Note that the mode's group velocity v g = ∂ω/∂k < 0 opposes its phase velocity -an indication that we're dealing with a DNM. For k = 0 this mode's H z has the symmetry of the A 1 irrep of the symmetry group C 4v , and can be expanded inside a given plasmonic rod as
, where I l is the modified Bessel function of order l. Because there is no dipole component in H z , the A 1 mode does not contribute to the quasi-static permittivity qs . For the SPC at hand, the largest term in the expansion is the octupole term A (4) , and the next largest is the monopole term A (0) that is responsible for the magnetic moment induced in the photonic structure as explained earlier. Therefore, the mode is an HMM, with predominantly m = 4 component. Because of the finite magnetic moment, a single quantity qs cannot describe the HMR resonances, and two frequency-dependent parameters are numerically evaluated: dielectric permittivity ef f and magnetic permeability µ ef f . The procedure for expressing these effective quantities for a periodic structure using the cell-averaged electric and magnetic fields has been described elsewhere.
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For two dimensions, and assuming that the elementary cell of the SPC is centered at the origin, we introduce several variables by averaging H z and E over the sides or the area of the elementary cell of the photonic crystal: The effective permittivity and permeability have been calculated for a range of wavenumbers k = k e x and the corresponding frequencies ω(k). For kd π it follows from the analyticity of ω( k) that the frequency depends only on | k| and not on its direction. For k 0 = 0.6/d and ω 0 = 0.6ω p (or n ef f = −1) we numerically computed that µ ef f = −2.35 and ef f = −0.427. Therefore, at this frequency our SPC is a DNM. Note that the hybridized monopole/octupole resonance affects not only the magnetic permeability of the SPC, but also the dielectric permittivity: the mean-field calculation using Eq. (4) yields qs (ω 0 ) = −0.65 that is significantly different from ef f .
DNM-based flat super-lenses capable of sub-wavelength imaging have been proposed. 14 The condition for super-lensing is that the DNM with the dielectric permittivity < 0 is embedded in a host medium with h = − . We have tested a six-period thick plasmonic SPC for the super-lensing effect by embedding it inside the hypothetic host with h = 0.55. This particular choice of − ef f < h < − qs was not optimized, and is one among the several that showed superlensing. To verify the sub-wavelength resolution, we simulated the distribution of the magnetic field | E| behind a screen with narrow slits of width ∆ y = λ/5 separated by a distance 2∆ y . As depicted in Fig. 3 , where only two slits are shown, a planar wave with frequency ω = 0.6ω p is incident on the screen from the left. A six-period long plasmonic SPC of width D = 0.6λ is positioned between 0 < x < D. The distribution of | E| in the x − y plane is shown in Fig. 3(a) . Also, in Fig. 3(b) | E| is plotted in two cross-sections: the object plane right behind the screen (at x = −D/2 + λ/10, solid line), and in the image plane (at x = 3D/2 − λ/10, dashed line). Object plane is slightly displaced from the screen to avoid E-field spikes at the slit edges. The two sub-wavelength slits are clearly resolved. Increasing the incident frequency by just one percent (outside of the DNM band) results in the complete loss of resolution in the image plane (dotted line). Fig. 3(b) (dash-dotted line) confirms that, although finite damping γ/ω p = 0.002 reduces the field amplitude in the image plane, it does not affect the image contrast. The band flatness in a plasmonic SPC translates into very sharp excitation resonances, and large enhancements of the incident field. For example, the very close proximity of two flat propagation bands in Fig. 3(b) (second DM and the A 1 HMM) can be exploited for maximizing the structure response at the incident and Raman-shifted re-emitted frequencies, which is essential for SERS. Advanced fabrication techniques (photoelectrochemical etching of Si followed by autocatalytical deposition of Au) have been recently used to fabricate gold nanowires 16 with monodispersity of about 1%.
ENHANCED NEAR-FIELD IMAGING WITH THIN POLARITONIC SLABS
The principle of enhanced near-field imaging using a thin slab of a material with negative = − d surrounded by a host material with d > 0 is schematically shown in Fig. 4 . A sub-wavelength slit of width ∆ y λ is made on the front side of the host material and illuminated by a mid-IR laser, and is imaged onto the imaging plane behind the film. We envision that the backside of such a system is covered by an organic thermoresist absorbing mid-IR radiation and responsive to the elevated temperature caused by the laser absorption. Resonant excitation of the surface phonon polaritons enables one to preserve the sub-wavelength size of the image.
3, 5, 17 Below we consider a practically important case of using a SiC film for imaging a thin (∆ y = 200 nm) slit deposited on a low-loss SiO 2 host. Laser radiation used for imaging is a tunable CO 2 laser.
Dielectric permittivities of SiC and SiO 2 are plotted as a function of the laser wavelength λ inside the tunability range of a CO 2 laser in Fig. 5 . Dielectric permittivity of SiC was computed from Eq. (1), and that of SiO 2 was interpolated from Ref.
18 Accessing the wavelengths in the 10.7 < λ < 11.4µm range requires using a 13 C 16 O 2 gas filling. Rapid increase in the real and imaginary parts of = 1 + i 2 of SiC towards the longer wavelengths corresponds to the transverse optical phonon resonance at λ ≈ 12.6µm while a similar increase of 1,2 of SiO 2 towards shorter wavelengths corresponds to the resonance at λ ≈ 9µm. Fortunately, there exists a wavelength λ ≈ 11µm for which 
where d is the width of the negative slab. For the subsequent simulations we choose the width of the SiC to be d = 400nm, and the opposite limit holds: (
≈ 0.2. Therefore, the SiC thickness limits the resolution.
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We simulate the image formation for the resonant laser wavelength λ = 10.97µm. Laser pulse is incident on a SiO 2 /SiC/SiO 2 superlens from the left. The object is defined by a slit of width ∆ y = 200 nm placed at x = −400 nm as shown in Fig. 6 . Periodic boundary conditions are imposed in y− direction. Essentially, we are modeling a pepriodic array of nanoslits separated by a 1.2µm distance. Image formation on the backside of the SiO 2 /SiC/SiO 2 superlens is apparent from Fig. 6(left) . The accuracy of the image formation is deduced by comparing the square of the electric field | E| 2 near the image plane (at x = −380 nm) and at the symmetric location, as shown in Fig. 6(right) . Although the image differs from the object (e. g., electric field spikes near the slit are not resolved, and the overall intensity is diminished due to finite dissipation), the overall structure and spatial extent of the field are clearly reproduced. The FWHM of the electric field intensity in the image plane is calculated to be 350 nm. Another remarkable feature of the resonantly driven SiO 2 /SiC/SiO 2 superlens is that it is almost reflectionless: the reflection coefficient R = 7.8%. Without the superlens R = 12.2% for the same nanoslit array.
Design of the proof-of-principle superlens experiments
Several proof-of-principle experiments demonstrating superlensing can be envisioned. The most straightforward (although technically demanding) demonstration would be to scan the field profile in the image plane using a near-field scanning optical microscope. Alternatively, one can deposit a thin layer of thermoresist on the back side of the superlens and directly carry out the lithographic step. However, it is highly desirable to find a simple far-field image diagnostics. In this section we present numerical calculations demonstrating how transmission through a Figure 7 . Resonant transmission through a double set of nanoslits. Case I (left): diagnostic slit in front of the object slit. Case II (right): diagnostic slit displaced laterally by 400 nm. Other parameters: same as in Fig. 6 double set of nanoslits (one set on the front and another on the back side of the SiO 2 /SiC/SiO 2 superlens) can serve as a reliable proof of superlensing at λ = 10.97µm, and a valuable test bed for studying the sensitivity of superlensing to the laser wavelength.
We refer to these two sets of slits as the object slits (at x = −400 nm) and the diagnostic slits (at x = −400 nm). Two geometric arrangements of the slits were simulated. In Case I the diagnostic slit is positioned directly opposite the object slit, so that the image of the object slit fits inside the diagnostic slit as shown in Fig. 7 (left) . Hence, a relatively high transmission through the two sets of slits is expected. Indeed, the transmittance is T 1 = 44.5%. In Case II shown in Fig. 7 (right) the diagnostic slit is laterally displaced by 400 nm. As evident from Fig. 7 (right) , the metal screen of the diagnostic grating obscures the image of the first slit. Hence, the expected transmittance is low. Indeed, it is found to be only T 2 = 9.7%, yielding the transmission contrast of T 1 /T 2 = 4.6 for these two cases. Both simualtions were done for the resonant λ = 10.97µm. To demonstrate that such a high transmission contrast is the consequence of superlensing, we have carried out transmission simulations for cases I and II using a different laser wavelength achievable by a CO 2 laser, λ = 11.262µm. For that wavelength, SiC = −6.55 + 0.37i and SiO2 = 3.29 + 0.24i, and no superlensing effect is expected. Transmission coefficients for the two cases are T 1 = 30% and T 2 = 35%, respectively. So, indeed, the displacement of the diagnostic slit has very little effect on transmission in the absence of superlensing. This decrease in the transmission contrast for the two slit positions was to be expected. Indeed, when the two sets of slits are separated by the vacuum region, the transmission for coincident slits (Case I) is T 1 = 77.5% while for the displaced slits T 2 = 77.2%.
In conclusion, we have described numerical simulations supporting two possible implementations of a superlens which is capable of sub-wavelength resolution. In the first approach we have constructed a metamaterial that consists of almost-touching plasmonic cylinders. In a narrow range of frequencies, this material supports doubly-negative modes described by negative permittivity and permeability. A slab of such material was used to demonstrate numerically the resolution of two slits of width λ/5. In the second approach, a superlens is constructed as a thin layer of SiC sandwiched between two layers of SiO 2 dielectric. Formation of an image of a sub-micron slit was demonstrated, and the design of possible far-field experiments indirectly proving super-lensing were described.
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